Arbuscular mycorrhizal (AM) fungi are important plant symbionts widespread worldwide. Like other fungi, they have the ability to perform hyphal anastomosis, that is, the fusion of encountering vegetative hyphae. Research in other fungal phyla has evidenced numerous potential functional and evolutionary consequences of anastomosis. Yet, in AM fungal research, anastomosis has almost strictly been discussed in the context of fungal response to disturbance and interindividual genetic exchange. Here, I review more broadly the implications of anastomosis for AM fungal ecology and evolution. I also identify major knowledge gaps and research prospects to better ground hyphal anastomosis strategies of AM fungi in their general life-history strategies.
Introduction
Arbuscular mycorrhizal (AM) fungi (Glomeromycota) are widespread plant symbionts representing a significant portion of soil microbial biomass (Leake et al., 2004) . As with other filamentous fungi, they have the capacityunusual in the tree of life -to perform interindividual fusion of vegetative cells, a process termed hyphal anastomosis (or hyphal fusion). This finely tuned process has been relatively well studied in Ascomycota and Basidiomycota (e.g. Read et al., 2009) and has been argued to have multiple, far-reaching implications for ecology and evolution of fungi (Pontecorvo, 1946; Rayner, 1991) . However, even though anastomosis has long been known to occur in AM fungi (Mosse, 1959) , only recent research has started unearthing its potential functional consequences (Avio et al., 2006; Croll et al., 2009) , and anastomosis has mostly been discussed as a mechanism promoting response to disturbance and speeding up asexual evolution (Young, 2009; . Here, consequences of anastomosis on fungal ecology and evolution are broadly reviewed (see Fig. 1 for a visual overview), and potential selection pressures mediating fusion rates in nature, as well as research needs for the AM fungal system more specifically, are discussed.
Functional consequences of anastomosis Homeostasis maintenance
Most fungal species on earth are modular organisms formed by septate hyphae in which only small cytoplasmic material flows through pores in the septa. Some hyphal networks in soil can extend over large spatial scales (Smith et al., 1992; Beiler et al., 2010) , which poses a challenge for homeostasis maintenance. Intraindividual cross-connections by hyphal fusion may help maintain significant levels of cytoplasm flow through the network (Glass et al., 2000; Fu et al., 2011) , and contribute significantly to homeostasis maintenance (Read et al., 2009) . Indeed, microscopic real-time observation of hyphal fusion events in Neurospora crassa revealed dramatic shifts in cytoplasm streaming after the fusion (Hickey et al., 2002; Leeder et al., 2011) . Some fungi, however, are coenocytic (i.e. lack septa in their hyphae), which allows cytoplasm to stream rather freely and thus rapidly across the hyphal network (Jany & Pawlowska, 2010; Purin & Morton, 2011) . This is the case for Zygomycota and Glomeromycota (AM fungi). For those fungi, the homeostasis balance is potentially easier to maintain, which may explain lower incidence of fusion events found in those fungal phyla (Gregory, 1984; Purin & Morton, 2011) .
Nevertheless, as no study has yet compared the frequency of fusion events in different fungal phyla in the same experiment, it is still too soon to speculate whether the differences observed among phyla result from experimental setups or from a true divergence of functional strategies. et al. (1999) visually observed that nuclei could be transferred during fusion events between encountering AM fungal hyphae. By promoting nuclei exchange, anastomosis is likely to have great evolutionary consequences for AM fungi. Although heterokaryosis in AM fungi remains a debated issue (Pawlowska & Taylor, 2004) , there is increasing empirical support to it (Croll et al., 2009) . Thus, the nuclei acquired through anastomosis may bring new alleles (Glass et al., 2000) . Croll et al. (2009) corroborated this by showing that following anastomosis between two genetically distinct AM fungal isolates, specific molecular markers from both parents were passed to progeny. This shows that anastomosis in AM fungi may have consequences for the genetic structure of populations by allowing genotypic mixing across different isolates, and it was noticeable from their study that even isolates pairs that anastomosed at very low frequencies exchanged detectable amounts of genetic material (Croll et al., 2009) . Not all AM fungal isolates of a given species readily anastomose, though. For example, while Croll et al. (2009) found broad compatibility between isolates of a given AM fungal species (Rhizophagus irregularis) from a single site, Giovannetti et al. (2003) did not observe any anastomosis between geographically distant isolates of Funneliformis mosseae. The genes mediating the compatibility system in AM fungi are yet unknown, but in Ascomycota, het-genes have been identified as regulators of vegetative hyphal compatibility, through the additive effect of multiple het alleles (Pearson et al., 2009) . Divergences in too many het-genes alleles between two encountering hyphae cause the heterokaryon generated by anastomosis to be unstable, by triggering a programmed cell death reaction (Glass & Kaneko, 2003) . Nevertheless, even incompatible strains can exchange some genetic material through leakages during the incompatible interaction (Papazova-Anakieva et al., 2008) , but to what extent this process may affect population genetic structure is still uncertain. It has been shown that strains compatibility in nature is negatively correlated with phylogenetic and geographic distances (Park et al., 2006; Mehrabi et al., 2011; Roper et al., 2011) . This is consistent with the observation that variability at het loci appears to be maintained evolutionarily at noticeably high levels (Saupe, 2000) , which suggests that without genetic Fig. 1 . Interindividual exchanges during anastomosis events. Two individuals of a given AM fungal species (here, represented by blue and red hyphae, respectively) grow toward each other (potentially involving positive chemotropism, e.g. Sbrana & Giovannetti, 2005) . Their hyphae anastomose, which allows a bidirectional flow of cytoplasmic material between individuals. Material transferred involves nuclei, bearing alleles that may be beneficial in the given environment where they grow, or conversely coding for aggressive replication, and not for a function likely to increase organism fitness. Mycoviruses may also be transferred, with potentially positive or negative effect on fungal fitness. Likewise, parasitic or mutualistic endobacteria may be exchanged, as well as debilitated organelles (organelles that show a decreased function, while keeping replicating and thus draining energetic resource).
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homogeneization of fungal populations through anastomosis, between-isolates genetic differences at het loci will rapidly accumulate to eventually hinder any fusion event. More work at various spatial scales with AM fungi will clarify the process of natural genetic divergence between AM fungal populations.
Genetic material exchange may significantly affect the ability of AM fungi to rapidly evolve in a changing environment not only by providing new alleles on which selection can act, but also by potentially allowing recombination between nuclei of distinct origins, following karyogamy (Pawlowska, 2005) . Empirical evidence is still lacking for AM fungi, but such postfusion recombination is thought to be a major mechanism generating genetic diversity in pathogenic fungi, thus promoting virulence in their arms race with hosts (Wang & McCallum, 2009 ). Indeed, as fusion events may happen more frequently than sexual cycles in fungi, genetic exchange and recombination may represent an important way to quickly adapt to novel environmental conditions (Mehrabi et al., 2011) . Such horizontal gene transfer has long been recognized in bacteria to promote genome plasticity and thus adaptation (Juhas et al., 2009) .
Along with nuclei exchange, nuclei segregation (i.e. the transfer of only a random fraction of total nuclei from a parent to its progeny, thus generating a genetic bottleneck effect) has more recently been identified as a potentially important mechanism generating genetic variability in AM fungal populations (Angelard et al., 2010) . It has been found that segregated lines of a given AM fungal isolate (i.e. subcultures of this isolate initiated from single spores of a parent culture) varied widely in their phenotypic characteristics (Angelard & Sanders, 2011) , as well as on their effect on host plants (Angelard et al., 2010) . It may be thought that interindividual anastomosis events and nuclei segregation act in concert to contribute to AM fungal evolvability through fission-fusion dynamics (see Fig. 2 ). On the one hand, segregation reduces allele population size in a newly formed individual, thus favoring drift in the relative abundance of different alleles and promoting a novel phenotype (Angelard et al., 2010) , and on the other hand, anastomosis may help reshuffling alleles in the population, promoting heterokaryosis maintenance (Bever & Wang, 2005) . Combined, those two mechanisms may provide explanations to two major issues originally thought to hinder long-term maintenance of an asexual strategy, namely (1) the Red Queen Hypothesis (asexual organisms should adapt more slowly because of absence of sex-based alleles recombination; Bell, 1982) and (2) the Mueller's Ratchet (asexual organisms will accumulate deleterious mutations over generations because of absence of allele segregation through meiosis; Muller, 1932) . Segregation and genetic exchange both generate novel phenotypes on which natural selection can act (Red Queen), and segregation can limit the transfer of deleterious mutations to progeny by genetic drift (Mueller's Ratchet). Those mechanisms may thus, at least partly, explain the apparent maintenance of asexuality in AM fungi, which is presumed to have lasted for the last 450 million years. The upcoming challenge will be to investigate how frequent are fusion events in natural AM fungal populations, and how widespread they are across different AM fungal lineages. Estimates for anastomosis frequency are also lacking in an ecologically relevant context, although significant progress has been made in designing novel study systems more relevant to natural conditions (Avio et al., 2006; Purin & Morton, 2011) . Another future prospect for research is to investigate whether evidences from recombination in AM fungi are partly due to cryptic sexual events, as multiple meiosis genes and putative sex pheromones have been identified in Glomus spp. (Halary et al., 2011 (Halary et al., , 2013 .
Deleterious cytoplasmic elements (DCEs) transfer
Cytoplasmic continuity between fungal individuals established through anastomosis results in bidirectional transfer of cytoplasmic elements (Fig. 1) . Among those elements, some may be deleterious. For example, transposons could be transferred via anastomosis, and even if they could facilitate recombination and thus adaptation (Mehrabi et al., 2011) , they could also induce undesirable deleterious mutations, which are thought to be especially threatening for asexual fungi like AM fungi (Pawlowska, 2005) . Aggressive nuclei are also considered as DCEs (Glass et al., 2000) . By aggressive nuclei, one means nuclei that contribute little to organism fitness, while coding for enhanced rates of anastomosis frequency to promote their own transfer (i.e. selfish nuclei; Saupe, 2000) . Debilitated organelles, that can replicate but show decreased functional activities, can also be transferred during anastomosis and decrease fitness of the recipient individual by draining metabolic resource without providing any functional benefit in return (Caten, 1972; Milgroom & Cortesi, 1999) . Currently, we have no information regarding (1) the frequency of transfer of such DCEs in AM fungi and (2) their persistence in the recipient hyphae. Finally, mycoviruses can also take advantage of hyphal fusion events to spread in fungal populations (Ihrmark et al., 2002) . They generally consist of double-stranded (ds) RNA molecules encapsidated (or not) in a peptide (Ghabrial, 1998) . As they do not have any extracellular vector to spread between hosts, they must be transferred either vertically to progeny, or horizontally through anastomosis (Ghabrial, 1998) . While most dsRNA has been shown to have limited effect on host phenotype, some viruses can be quite beneficial (Pearson et al., 2009) or detrimental (Dalzoto et al., 2006; Wu et al., 2007) to their host. In fact, reduced virulence of plant fungal pathogens caused by mycoviruses (i.e. hypovirulence) has raised much attention for its potential as a biocontrol strategy to protect economically important crops. In AM fungi, the only study reporting and manipulating mycoviruses was done using a single fungal isolate (Ikeda et al., 2012) . The authors have found various dsRNA genomes in the AM fungal isolate, and they were able to raise an AM fungal line free of one particular dsRNA genome. They observed that this virus-free line produced twofold greater spore number and better promoted host plant growth than the infected isolate (Ikeda et al., 2012) , which clearly indicates the potential top-down pressure that mycoviruses may exert on natural AM fungal populations. In natural populations of other fungal phyla, when surveys have been done, it has generally been observed that dsRNA is frequent in fungal hyphae in nature, thus suggesting that spread efficiency of mycoviruses in fungal populations offsets the effect of selection against infected hosts (van Diepeningen et al., 1998) . The vegetative incompatibility system can act as an effective transmission barrier in ascomycetes (Park et al., 2006) , and theoretic work has suggested that DCEs such as viruses can even select for higher levels of vegetative incompatibility (Brusini et al., 2011) . Nevertheless, for dsRNA to effectively act as a selective pressure restricting vegetative compatibility in fungal populations, they must have a negative (even if small), impact on fungal fitness (Brusini et al., 2011) . More work needs to be done to determine fitness costs of dsRNA (Ikeda et al., 2012; Dalzoto et al., 2006) and to characterize their prevalence in natural AM fungal populations. Only with such data, we can determine whether top-down regulation of AM fungal populations by parasitic dsRNA genomes is important (Purin & Rillig, 2008) . Grant & Grant, 2008) in AM fungi. A growing mycelia (top-left corner) may harbor a balanced set of three nuclei (represented by red, green, and yellow circles, respectively, and having a relative abundance ratio of 1 : 1 : 1). During spore formation, a subset of those nuclei reach the spore and through drift, the relative abundance ratios among nuclei type may change (e.g. here to 3 : 2 : 1 and 1 : 2 : 3, respectively. This fission event is known as segregation. If those spores germinate locally (i.e. nearby their formation sites) or if they co-disperse, a potential hyphal anastomosis may reshuffle nuclei among the fused mycelia and potentially re-balance the relative abundance of nuclei types (or not, if the abundance ratios among nuclei was not as symmetric as shown here). Conversely, if spores disperse at different locations and germinate without possibility for anastomosis (right panel of the figure), the new abundance ratios among nuclei are likely to be preserved and are predicted to display a contrasted phenotype, as compared to the parent individual. Thus, like Darwin's finches populations in Galapagos, populations of some AM fungal species are likely to undergo evolutionary fission (i.e. segregation) and fusion (anastomosis), which may contribute to fast, asexual evolution.
Fig. 2. Evolutionary fission and fusion events (sensu
Response to disturbance
Fungal mycelia can experience various forms of disturbance (i.e. loss of functional biomass due to physical rupture of the mycelium), either caused by soil fauna, tillage, soil freezing or wetting-drying cycles. As obligate biotroph, AM fungi are dependent upon a functional hyphal network to colonize roots for carbon uptake and soil for mineral nutrition. Anastomosis of disrupted hyphae to form back a connected network after disturbance events has been suggested as a crucial mechanism allowing persistence of AM fungi in frequently disturbed environments (De La Providencia et al., 2005; Avio et al., 2006) . Some even suggested that disturbance may be the strongest selection pressure maintaining high anastomosis rates in nature (Young, 2009) . Even before postdisturbance hyphal fusion, healing mechanisms of disrupted hyphae are crucial to prevent cytoplasm leaking from hyphal breakpoints (De La Providencia et al., 2005) . This is especially true for fungi with coenocytic hyphae (i.e. Zygomycota and AM fungi), which lack septa to limit cytoplasm leaking to the local injured section of the mycelium. In fact, it has been observed that in ecosystem recently invaded by earthworms, which cause physical disturbance in soils, there was a loss of Zygomycota species from the fungal community, probably due to their incapacity to cope with chronic injuries and cytoplasm leak (McLean et al., 2006) . Other fungal species are known to have specific organelles, the Woronin bodies, which rapidly plug the pores of the septa surrounding the injury to prevent excessive loss of cytoplasm after disturbance (Jedd & Chua, 2000) . In AM fungi, little is known about hyphal healing. De La Providencia et al. (2005) observed distinct healing strategies in different AM fungal families, namely the Glomeraceae and the Gigasporaceae. In Glomeraceae, after hyphal disruption, a septal plug was formed at both injured tips, and multiple new hyphal branches were formed at each tip, which presumably reveals a strategy evolved to quickly reconnect the disrupted hyphae into a cohesive network after disturbance (De La Providencia et al., 2005) . In Gigasporaceae, after disruption, a septal plug was assembled 50-300 lM away from the disrupted hyphal tips, resulting in considerable cytoplasm leakage, and 4-6 h later, one or two hyphal branches were produced behind those septa. The authors argued that this strategy could reflect more a strategy to survive to adverse conditions, rather than a strategy to reconnect the hyphal network. Also, the growth of hyphal branches was directed toward each other if they were at short distances (40-100 lM), but not if they were further away, indicating that repaired hyphae were not seeking to anastomose. Taken together, those results indicate that some AM fungal species should benefit from hyphal fusion to restore cohesive hyphal networks after disturbance, while other species may be more adapted to environments displaying less frequent disturbance. This is corroborated by the observation that Glomeraceae typically dominate conventionally tilled arable sites (Daniell et al., 2001; Oehl et al., 2003) while Gigasporaceae are at disproportionately low abundances in those sites compared with surrounding natural environments (Jansa et al., 2002 (Jansa et al., , 2003 .
Synthesis and future work
As shown above, anastomosis should be regulated evolutionarily following a balance between negative and positive functional consequences. If positive aspects (e.g. increasing genotypic diversity and plasticity and favoring response to disturbance) offset negative ones (e.g. virus transmission and aggressive nuclei transfer), anastomosis should be maintained at high rates in natural AM fungal populations. Estimates of anastomosis rates in laboratory studies have been shown to vary according to the species taxonomic affiliation (Avio et al., 2006) and to the cultivation system used (Giovannetti et al., 2004; Voets et al., 2006; Purin & Morton, 2011) , thus preventing reliable predictions as to how frequent hyphal fusion events should be in natural AM fungal populations. Nevertheless, it was found by inspecting the genomes of other fungal phyla that high levels of allele polymorphism were conserved in het-genes, mainly through conservation of ancestral variability and unusually high substitution rates (Saupe, 2000) . This suggests that the rate of anastomosis in natural populations is under tight evolutionary control. Fusion rate must be selected in fungal population in a way to maintain positive effects of interindividual cytoplasmic exchange while limiting the costs through DCEs transfer (Brusini et al., 2011) . As it has been shown that even short and infrequent fusion events can lead to substantial material transfer between fungi (Papazova- Anakieva et al., 2008; Croll et al., 2009) , it may be expected that fusion rates in nature are maintained at low levels through rapid evolution of fungal vegetative incompatibility.
From an applied viewpoint, by bringing together most selection pressures acting on hyphal fusion rates in natural AM fungal populations, this short review may help envisaging how agricultural practices may affect AM fungal phenotypes. Indeed, as frequent ploughing may select for higher hyphal fusion rates in order for AM fungi to maintain a functional hyphal network (Avio et al., 2006) , this may impact on AM fungal biology by promoting virus transmission, for example, which may influence AM fungal symbiotic function either positively or negatively (Ikeda et al., 2012) . Hence, a more comprehensive understanding of functional and evolutionary consequences of hyphal fusion in AM fungal populations will help addressing applied issues such as consequences of agricultural practices on symbiotic performance of AM fungi.
Future research should especially strive to link hyphal fusion strategies to overall species' life-history strategies. Here, I list three potentially fruitful research avenues to explore:
(1) We know that some AM fungal species can anastomose very frequently, while for other species, we never observe any fusion event. Is this related to a live-fast dieyoung strategy (Promislow & Harvey, 1990) , where the most ruderal species, adapted to disturbed environments, will grow quickly and readily fuse hyphae, while accepting the cost of accumulating deleterious organelles, nuclei, and mycoviruses? (2) Can we link spore size to hyphal fusion strategy? Large-spored Gigasporaceae species may be less prone to experience nuclei segregation during spore formation (because nuclei populations may be larger). Thus, hyphal fusion could be avoided in order to limit the spread of deleterious mutations because nuclei segregation is not likely to purge such mutations out. Conversely, as small spores may be likely to disperse over larger distances and thus encounter very different environmental conditions, there could be a selection pressure for small-spored species to rapidly adapt to novel environments, which could be achieved through both nuclei segregation and hyphal fusion with native individuals at their 'invasion' site, allowing allele exchange. (3) Hyphal fusion strategy versus fungal response to hyphal grazing. It is not unreasonable to expect that AM fungi display a trade-offs between tolerance and resistance to fungivory (Van Der Meijden et al., 1988) . Tolerant species may rely on high anastomosis frequency and high growth rate to quickly rebuild a functional hyphal network after fungivory (which is a form of disturbance), while resistant species may have traits that limit fungivory (e.g. thick and tough walls and repellent compounds).
Hence, overall, to better understand the ecological and evolutionary bases of hyphal anastomosis, this particular function has to be considered in the broader context of organisms' life-history strategies. This may help to unearth trait syndromes (i.e. strategies) that may be evolutionarily conserved across the AM fungal phylum (Chagnon et al., 2013) . Future work on AM fungi will thus have to also include a wider range of species and genera of AM fungi, as past research has mainly focused on cosmopolitan, generalist taxa such as R. irregularis or F. mosseae, which are known to display a fast-growing and massive reproduction strategy, typical of a ruderal lifehistory strategy (Chagnon et al., 2013) .
Concluding remark
This short review is an example of how insights may be gained in AM fungal ecology by considering the knowledge gained with other fungal phyla. It is essential to capitalize on this latter literature which benefits from the availability of gene-deletion libraries with few model fungal species (e.g. N. crassa, and Aspergillus nidulans) to explore the functional roles of single genes on fungal phenotypic expression (Fu et al., 2011) . This highlights the need to consider AM fungi first as fungi, not strictly as plant symbionts (Fitter et al., 2000; Fitter, 2005) . Such mycocentric viewpoint will better enable mycorrhizal ecologists to broaden their view of AM fungi and to recognize the similarities those symbionts share with the rest of the fungal Kingdom.
